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The authors demonstrate surface-enhanced Raman scattering 共SERS兲 detection on an optoﬂuidic
chip. Interconnected solid- and liquid-core antiresonant reﬂecting optical waveguides 共ARROWs兲
form a planar beam geometry that allows for high mode intensities along microﬂuidic channels
containing molecules optimized for SERS. The excitation power and concentration dependence of
SERS from rhodamine 6G 共R6G兲 molecules adsorbed to silver nanoparticles were systematically
studied. The data can be described by a model that takes into account the microphotonic structure.
Detection sensitivity to a minimum concentration of 30 nM is found, demonstrating the suitability
of ARROW-based optoﬂuidic chips for high sensitivity detection with molecular speciﬁcity. © 2007
American Institute of Physics. 关DOI: 10.1063/1.2742287兴
Molecular detection devices are of great interest for
many ﬁelds with a plethora of applications including cancer
detection, DNA sequencing, infectious disease detection, and
basic research. Raman sensing based on inelastic light scattering is particularly attractive due to its molecular sensitivity. Its main disadvantage is the intrinsically low Raman
cross section, but when a molecule is adsorbed to a metallic
nanoparticle, small compared to the wavelength of light, the
molecule’s Raman cross section can be greatly increased due
to electric ﬁeld enhancement on the nanoparticle surface.
Surface-enhanced Raman scattering 共SERS兲 techniques have
been used for over 30 years1–3 for chemical and biosensing
applications4 and recently for single molecule detection.5,6
Typical SERS detection schemes use bulky microscope setups with discrete optical elements at high costs.7 Thus, an
integrated optics approach to SERS would be desirable. Recently, several methods using liquid-core ﬁbers,8 D-shaped
ﬁbers,9 and photonic crystal ﬁbers10 have been demonstrated
but are difﬁcult to integrate. Liquid-core antiresonant reﬂecting optical waveguides11,12 共ARROWs兲 are particularly attractive because they can provide high excitation intensities
over long distances and offer fully planar beam geometries
when interfaced with solid-core waveguides.13 Highly efﬁcient ﬂuorescence detection14 down to single molecule sensitivity has been demonstrated15 but without the rich
molecule-speciﬁc information that SERS provides. In this
letter, we demonstrate SER detection from an on-chip liquidcore ARROW waveguide in planar beam geometry. We determine the excitation power and concentration dependence
of SERS from rhodamine 6G 共R6G兲 molecules as well as the
sensitivity limit and steps for further optimization.
Planar integrated liquid-core ARROW waveguides consisting of a Si substrate with alternating SiN and SiO2 dieleca兲
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tric layers surrounding a liquid core11 关see Fig. 1共a兲兴 are produced with standard silicon microfabrication techniques in a
sacriﬁcial layer process.16 The ARROW used in this study
had a 12 m wide by 5 m high hollow core and cladding
thicknesses of 100/ 268 and 120/ 337 nm for the bottom and
top thin SiN / SiO2 layers, respectively. The top thick SiO2
layer had a thickness of 2.476 m. The liquid-core ARROW
SERS detection setup, as shown on Fig. 1共b兲, consists of a
helium neon 共HeNe兲 laser 共exc = 632.8 nm兲 source which

FIG. 1. 共Color online兲 共a兲 ARROW waveguide cross section consisting of
SiN and SiO2 dielectric layers and a liquid core 共Ref. 11兲. 共b兲 Experimental
setup.
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FIG. 3. 共Color online兲 共a兲 Power dependence of detected SERS signals at
300 nM active R6G concentration. The two lowest power signals are multiplied by factors of 2 and 30 as denoted. 共b兲 Symbols: detected SERS power
vs excitation irradiance. Lines: theory ﬁts with Eq. 共1兲.
FIG. 2. TEM image of silver nanoparticles used in the study showing a
narrow size distribution of 20 nm average diameter spherical nanoparticles
with an 11 nm variance. Inset: Corrresponding UV-vis absorption spectra of
nanoparticles in solution.

propagates through neutral density ﬁlters for the power dependence measurements. The beam is coupled via objective
O1 into a single-mode ﬁber which is wound through a polarization controller and aligned to the ARROW. The liquidcore ARROW platform used in this study was an advancement over straight liquid-core ARROWs 共Refs. 11–15兲
共where no solid core or reservoir existed兲, consisting of a
solid-core waveguide 共12 m wide, 2.5 m high, and
1.1 m etch depth兲 fabricated and aligned to the liquid-core
ARROW, as shown in Fig. 1共b兲. A 10 l on-chip reservoir is
depicted, into which the solution was pipetted and subsequently ﬁlled the core preventing solution evaporation during
measurements. Finally, the output light is collected with a
100⫻ 0.85 numerical aperture objective lens 共O2兲 attached to
a Raman spectrometer 共Jobin Yvon兲. The SERS samples for
this study consisted of solutions of varying concentrations
共nominally 0.3, 1, 3, 10, or 30 M兲 of R6G molecules and
sodium chloride-induced aggregated silver nanoparticles
共1 nM兲. This system has been extensively studied providing
a good proof-of-concept system for SERS detection
experiments.17 The solutions were prepared by mixing an
aqueous R6G solution 共18 M⍀ cm water or ethanol or
ethanol/water兲 with silver nanoparticles that were synthesized using a citrate reducing agent.18 The solution was incubated for 30 min at room temperature, then activated with
a sodium chloride 共NaCl兲 solution. The ﬁnal NaCl concentration of all samples was 2.5 mM. Immediately after salt
introduction, the solution was pipetted into the reservoir for
measurements. Transmission electron microscopy 共TEM兲
images 关Fig. 2共a兲兴 showed the mostly spherical nanoparticle
consistency with a mean particle diameter of 20 nm and a
standard deviation of 11 nm. UV-vis spectra 共Fig. 2 inset兲
showed a narrow resonance at 400 nm and some absorbance
at the excitation wavelength 共632.8 nm兲 indicating low heat
generation due to absorption. The relatively narrow reso-

nance peak is consistent with the homogeneity seen in the
TEMs.
The detected SERS time-averaged spectra are plotted in
Fig. 3共a兲 over the range of excitation input irradiances of
2 – 40 kW/ cm2, showing the characteristic R6G vibrational
peaks with Stokes-shifted wave numbers of approximately
1320, 1370, and 1520 cm−1 共corresponding to the strong
C–O–C and aromatic C–C stretch vibrations兲.17 The points
on Fig. 3共b兲 represent the area under these Raman peaks after
background subtraction for a nominal R6G concentration of
3 M obtained from Gaussian-Lorentzian ﬁts. The detected
spontaneous Stokes-shifted Raman scattered power Pds generated in the ARROW chip can be expressed by

Pds = Fcoll

e −␣ L 共1 − e−␣2L2兲 2
e 1 1
N SERSIi ,
s
␣ 2L 2

共1兲

with the following deﬁned as the angular collection factor
Fcoll, excitation light wavelength e, Stokes-shifted scattered
light wavelength s, device coupling coefﬁcient , solid-core
waveguide loss ␣1 and length L1, ARROW core loss ␣2 and
length L2, number of adsorbed molecules N 共which may be
less than the number of molecules in solution兲, effective
SERS Raman cross section SERS, and input excitation irradiance Ii. This formula assumes negligible sample absorption
and stimulated Raman scattering, identical waveguide losses
for the excitation and scattered light, and a quadratic dependence of the number of adsorbed R6G molecules, as discussed below 共see Fig. 4兲. Fits to the data using Eq. 共1兲 are
shown as lines in Fig. 3共b兲 and show very good agreement
with N2 as the only free ﬁtting parameter. Independently
measured values were used for all other terms such as the
angular collection factor,14 liquid-core ARROW loss,14 and
solid-core loss.13 The SERS cross sections SERS were obtained from bulk microscopy measurements of a drop of solution and showed a relatively low enhancement factor of
102 – 103. Differences in frequency and polarizability for
each vibrational mode result in different values for SERS and
account for the different slopes observed in Fig. 3共b兲.
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FIG. 4. 共Color online兲 共a兲 Detected SERS signals at different active concentrations corrected to a nominal input excitation irradiance level of
15.2 kW/ cm2 for differing alignments between measurements. The lowest
three concentrations are multiplied by factors of 2, 40, and 50 as denoted.
共b兲 Symbols: detected SERS power vs concentration. Lines: quadratic ﬁts
with Eq. 共1兲.

In order to determine the sensitivity limit of ARROWbased SERS detection, SERS spectra for different R6G concentrations were taken and are shown in Fig. 4共a兲. The concentration dependent data were taken from the same
waveguide starting with the lowest R6G concentration. After
each measurement, the solution was then suctioned out via
the reservoir, and the waveguide was ﬂushed with water before higher concentration solutions were added and tested.
This was done to avoid false results due to contamination of
the channels with residual molecules. The results shown on
Fig. 4共b兲 were accumulated in a similar way as the power
measurements discussed above except that the output signal
was adjusted to a nominal excitation light output level to
correct for the differing alignments between measurements.
The spectra were collected for a nominal R6G concentration
range of 300 nM– 30 M. Generally, one expects a change
of the SERS signal with increasing R6G concentration from
linear to quadratic to saturation. This dependence is due to
the increasing coverage of the nanoparticles until all binding
sites are occupied.19 The SERS signals from the ARROW
chip show a quadratic dependence at all but the lowest concentrations as is evident by the very good agreement with
parabolic ﬁts 共lines兲. At the lowest concentration, the power
dependence becomes linear. Control measurements with bulk
microscopy using the same nominal concentrations 共not
shown兲, however, showed a quadratic dependence at the lowest concentrations and saturation at the highest concentrations. By comparing the concentration dependence of the
ARROW and bulk measurements, we conclude that the active concentration of R6G molecules in the ARROW is approximately ten times lower than the nominal concentration.
We attribute this difference to R6G adsorption on the ARROW’s SiN walls which could be prevented by a suitable
pretreatment of the walls. Therefore, the concentration dependent data are plotted as a function of active R6G concentration in Fig. 4共b兲. The minimum detected active R6G concentration of 30 nM is almost three orders of magnitude
lower than previous demonstrations using a photonic crystal

ﬁber,10 and corresponds to detecting approximately 4 ⫻ 105
molecules in the ARROW excitation volume of 44 pl. This
concentration limit is comparable to the reported 10 nM limit
in a liquid-core ﬁber8 for a solution volume of 3 l with
nanoparticle resonance excitation.
The presented measurements show the suitability of
liquid-core ARROW waveguide structures for highly sensitive SERS detection with molecular speciﬁcity. Its main advantages are the uniﬁcation of optical and ﬂuidic paths, the
high excitation intensities afforded by the micron-scale
quasi-single-mode waveguides, and the ability to build a planar optoﬂuidic infrastructure of interconnected solid- and
hollow-core waveguides. SERS detection with nanomolar
sensitivity was demonstrated. This limit can be further improved by utilization of resonance SERS detection19,20 or use
of Ag or Au nanostructures21 which result in larger enhancements of the Raman cross section. These, combined with
further optimization of the ARROW platform including reduced losses, use of waveguide intersections to deﬁne subpicoliter excitation volumes,15 and integration of wavelength
ﬁltering13 will push ARROW-based SERS detection towards
the single molecule detection limit.
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